Objective. Wilson's disease is a disorder of copper metabolism which is fatal without treatment. The great number of disease-causing ATP7B gene mutations and the variable clinical presentation of WD may cause a real diagnostic challenge. The emergence of nextgeneration sequencing provides a time-saving, cost-effective method for full sequencing of the whole ATP7B gene compared to the traditional Sanger sequencing. This is the first report on the clinical use of NGS to examine ATP7B gene. Materials and Methods. We used Ion Torrent Personal Genome Machine in four heterozygous patients for the identification of the other mutations and also in two patients with no known mutation. One patient with acute on chronic liver failure was a candidate for acute liver transplantation. The results were validated by Sanger sequencing. Results. In each case, the diagnosis of Wilson's disease was confirmed by identifying the mutations in both alleles within 48 hours. One novel mutation (p.Ala1270Ile) was found beyond the eight other known ones. The rapid detection of the mutations made possible the prompt diagnosis of WD in a patient with acute liver failure. Conclusions. According to our results we found next-generation sequencing a very useful, reliable, time-saving, and cost-effective method for diagnosing Wilson's disease in selected cases.
Introduction
Wilson's disease (WD) is a rare autosomal recessive disorder of copper metabolism. ATP7B gene mutation is in the background of the excessive copper accumulation which is fatal without treatment. More than 550 disease-causing mutations of the gene located at chromosome 13q14.3-q21.1 consisting of 21 exons have been identified [1] .
The geographical distribution of the mutations of the ATP7B gene is inhomogeneous [2] [3] [4] [5] . In Hungary the p.His1069Gln mutation is the most frequent one with 71% prevalence among the patients [6] .
The variable clinical presentation of WD may cause a real diagnostic challenge. The suspicion of the disease usually arises when hepatic or neurologic-psychiatric symptoms appear. Low ceruloplasmin level and presence of KayserFleischer ring could support the diagnosis, but in many cases only genetic testing could confirm it. Genetic investigation of asymptomatic siblings has an extreme importance, since the early treatment could prevent the manifestation of the disease [7] . In acute liver failure urgent genetic testing of all known mutations may strengthen the diagnosis of Wilson's disease.
The emergence of next-generation sequencing (NGS) provides a time-saving, cost-effective method for full sequencing of the whole ATP7B coding sequence compared to the traditional Sanger sequencing. The NGS technology is based on the detection of a signal during the synthesis of the DNA strand, and therefore the synthesis does not need to be terminated for the perception. On the other hand, several DNA strands can be examined simultaneously [8] .
This is the first report on the clinical use of NGS to examine ATP7B gene in WD patients including doubtful cases. We used Ion Torrent Personal Genome Machine in heterozygous patients for the identification of the other mutations and also in patients with no known mutation including one with acute on chronic liver failure.
Materials and Methods
The method we used for the genetic testing has been previously published by our group for screening of neurofibromatosis type 1 gene [9] .
Biological
Samples and DNA Isolation. Six (five male and one female) WD patients, four heterozygous for ATP7B p.His1069Gln mutation identified by fast PCR test and two with unknown mutation, were selected for this study. The patients were diagnosed and treated at the 1st Department of Internal Medicine, Semmelweis University, Budapest. The diagnosis was based on the international WD score system published in 2003 [10] , and each patient had 4 or more scores. The study was approved by the Semmelweis University's Committee of Research Ethics and was conducted in accordance with the Helsinki Declaration. All patients gave written informed consent.
Genomic DNA was isolated from 200 L of peripheral blood using ReliaPrep Blood gDNA Miniprep System (Promega, Madison, WI). Briefly, the blood samples were digested with Proteinase K solution in the presence of Cell Lysis Buffer, and, after 10 min of incubation at 56 ∘ C, DNA was bound to ReliaPrep Binding Column. After three washes, DNA was eluted into 50 L of nuclease-free water. The concentration of the isolated DNA was determined with Qubit dsDNA HS Assay Kit (Life Technologies, Carlsbad, CA).
Ion Torrent
Sequencing. ATP7B (21 coding exons) amplicons were designed using the AmpliSeq Designer software (Life Technologies, CA, USA), targeting the complete coding sequence of ATP7B gene, resulting in a total of 55 amplicons. To gain a higher coverage of the coding exons, we designed the primers to also flank some parts of the introns. Amplicon library was prepared using the Ion AmpliSeq Library Kit 2.0 (Life Technologies, CA, USA); briefly, multiplex primer pools were added to 10 ng of genomic DNA and amplified with the following PCR cycles: at 99 ∘ C for 2 min, at 99 ∘ C for 15 s, and at 60 ∘ C for 4 min (18 cycles), and holding on at 10 ∘ C. Primers were partially digested using a FuPa reagent, and then sequencing adapters were ligated to the amplicons. The library was purified in multiple times using the Agencourt AMPure XP Reagent (Beckmann Coulter, CA, USA). The concentration of the final library was determined by fluorescent measurement on Qubit 2.0 instrument (Life Technologies, CA, USA). Template preparation was performed with Ion OneTouch kit (Life Technologies, CA, USA) on semiautomatic Ion OneTouch instrument using an emPCR method. After breaking the emulsion, the nontemplated beads were removed from the solution during the semiautomatic enrichment process on Ion OneTouch ES (Life Technologies, CA, USA) instrument. After adding the sequencing primer and polymerase, the fully prepared Ion Sphere Particle (ISP) beads were loaded into an Ion 314 v2 sequencing chip, and the sequencing runs were performed using the Ion PGM 200 Sequencing kit v2 (Life Technologies, CA, USA) with 500 flows.
Sanger Sequencing Validation.
The PCR primers were designed using Primer3Plus (http://primer3plus.com/) software. Roche FastStart TaqMan Probe Master (Roche) kit was used to amplify the target regions and the PCR program was as follows: 95 ∘ C for 10 min, 40 cycles of 95 ∘ C for 30 s, 60 ∘ C for 30 s, and 72 ∘ C for 45 s, and the final step was 72 ∘ C for 5 min. PCR products were enzymatically cleaned using ExoSAP IT (Affymetrix, Santa Clara, CA) according to the manufacturer's instructions. Sanger sequencing was performed using BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies) using an ABI 3130 instrument (Life Technologies).
Data Analysis.
Data from the Ion Torrent runs were analyzed using the platform-specific pipeline software Torrent Suite v3.6 for base calling, trim adapter and primer sequences, filter out poor quality reads, and demultiplex the reads according to the barcode sequences. Briefly, TMAP (https://github.com/iontorrent/TMAP) algorithm was used to align the reads to the hg19 human reference genome, and then the variant caller plug-in was selected to run to search for germ line variants in the targeted regions. The variant caller algorithm parameters were more relaxed to avoid false negative cases. Integrative Genomics Viewer was used for visualization of the mapped reads. Variants were reviewed and annotated using dsSNP (http://www.ncbi.nlm.nih.gov /projects/SNP/) and Wilson Disease Mutation Database (http://www.wilsondisease.med.ualberta.ca/index.asp). For variant interpretation, Ingenuity Variant Analysis Pipeline (Ingenuity, Rewood City, CA) was also used. Pathogenic status of the variant was stated if it was a missense variant with <1% minor allele frequency and/or the variant was listed in the literature or in the databases as a pathogenic alteration. All of the deleterious variants were confirmed by Sanger sequencing. The Sanger sequence data were investigated using ABI Sequence Scanner 1.0 (Life Technologies) and BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.html) software.
Results
The demographic and clinical characteristics of the patients are shown in Table 1 . One patient without known mutation was critically ill with acute on chronic liver disease. The typical laboratory findings (ALT 90, AST 178, ALP 88, and bilirubin 247) proposed Wilson's disease. The diagnosis was strengthened by genetic testing making possible the liver transplantation via Eurotransplant program in Patient 5 with acute on chronic liver failure.
In each case, the diagnosis of Wilson's disease was confirmed by identifying the mutations in both alleles. The results were available within 48 hours.
The average read number per sample was 134386, with an average 1X on-target coverage of 99.46%. The mean raw accuracy was 99.2%. The average base coverage depth was 1883 ( Table 2 ). The number of identified variants per sample was between 8 and 13; however most of them were known as non-disease-causing variants. Overall, we found nine disease-causing variants. The most frequent mutation was p.His1069Gln (exon 14, ATP loop) detected in four patients. One novel missense mutation (p.Ala1270Ile, exon 18, ATP hinge vide Figure 1 ) and three well-known missense mutations (p.Arg969Gln, exon 13, TM6; p.Ala1063Val, exon 14, ATP loop, and p.Leu1305Pro, exon 19 bet ATP hinge/TM7), three frame-shift mutations (c1707+2dupT, exon 4, Cu6; p.Met769-fs exon 8 TM4, and p.Ala1135-fs exon 15 ATP loop), and one nonsense mutation (p.Gln1351Stop, exon 20, TM8) were detected. All of these variants had been validated by Sanger sequencing.
Discussion
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The whole gene analysis of ATP7B by PCR and capillary sequencing in a large cohort of WD patients has been recently published [11] . According to our knowledge based on PubMed data this is the first report on next-generation sequencing of the ATP7B gene for genetic diagnosis of Wilson's disease in a clinical setting. Since the disease-causing mutations may occur in the whole length of the gene and every exon could be affected, the genetic examination by classical methods is ponderous and time-consuming.
Our study clearly shows the great benefit of NGS. The compound heterozygosity has been proved in each patient within a very short examination time. Previously, we published that p.His1069Gln mutation is most common one in Hungary (71%) similar to other Central and Eastern European countries [6, [12] [13] [14] . Results of this study are in concordance with the former epidemiological data, since this mutation was confirmed in the majority of the cases, in 4 out of 6. Among the eight other mutations we found, there is one novel mutation in exon 18 which is a missense mutation causing an asparagine-isoleucine change in the transporter. Interestingly, the mutations beyond p.His1069Gln occurred only in one allele of a single patient.
However, it is already well known that p.His1069Gln homozygous mutation tends to relate with neurological symptoms; the effect of other infrequent mutations on the phenotype is hard to be examined due to the low number of cases (vide Table 1 ) [15] .
p.Ala1063Val mutation detected in one patient who has been diagnosed with WD prior to genetic testing is thought to be a non-disease-causing variant according to the Wilson Disease Mutation Database, although only one publication suggested that it might be a polymorphism [4] . On the other hand, subsequent data show that it might be a variant of unknown significance (VUS) [16] . Furthermore it was the one and only nucleotide change in a WD family analyzed by Loudianos et al. [17] . Overall it seems that p.Ala1063Val mutation still might be associated with Wilson's disease.
NGS gave a tremendous benefit for a 47-year-old patient with acute on chronic liver failure. Although nearly all patients with ALF due to Wilson's disease are potentially diagnosed (or suspicion is very high) with use of simple biochemical and laboratory criteria (ratio of alkaline phosphatase to bilirubin, ratio of AST to ALT, and Coombs negative hemolytic anemia) [18] , the diagnosis may require an urgent genetic testing of all mutations. In some patients the laboratory data alone cannot give enough scores in the international score system [10] , which is required by Eurotransplant program for donor liver allocation. In our case, the results of D-penicillamine test and the NGS arrived simultaneously, confirming Wilson's disease. According to the actual regulation of Eurotransplant Organization in case of acute on chronic liver failure only WD and Budd-Chiari syndrome are accepted as indication for urgent transplantation. Identifying mutations in both alleles gave a clear-cut evidence of the disease despite lack of Kayser-Fleischer ring, lack of neurological symptoms, and p.His1069Gln mutation. Thanks to the quick diagnosis the patient has been transplanted within two days and survived, and he is still in good condition one year later.
Conclusion
According to our results we found next-generation sequencing to be a very useful, reliable, time-saving, and cost effective method for diagnosing Wilson's disease in selected cases.
